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Acoustic  Conductivity  of  a  Rigid  Burning  Surface 

By 

S.  S.  Novikov  and  Yu.  S. , Ryazan tsev 

Acoustic  properties  of  a  shock  front,  such  as  the  front  of  a  flane  in  gas, 
were  investigated  theoretically  in  (Bibl.  1  thru  4)»  It  was  demonstrated  in  (Bibl. 
that  taking  into  account  the  flow  of  mass  through  the  flame  front  and  reaction 
of  the  flame  front  to  a  change  in  thermodynamic  parameters  of  gas  in  acoustic  wave 
may  cause  a  substantial  change  in  the  magnitude  of  acoustic  conductivity  of  this 
surface,  determined  by  the  kind  of  dependence  of  the  flame  propagation  velocity 
on  thermodynamic  parameters .  Similar  examination  can  be  performed  also  in  the  case 
of  burning  of  condensed  systems.  In  addition,  whereas  the  applicability  of  such 
an  examination  in  case  of  the  flame  in  gas  was  restricted  particularly  by  the  fact 
that  even  a  laminar  flame  is  not  planar  because  of  instability  (Bibl.  5),  but  has 
a  cellular  structure  (Bibl.  6,  7),  the  concept  of  the  plane  front  of  burning 
is  fully  Justified  in  case  of  the  burning  of  condensed  systems.  The  problem  ia 
of  interest  because  the  magnitude  of  acoustic  conductivity  determines  the  boundary 
condition  on  burning  surface  in  existing  theories  of  resonance  burning  (Bibl.  8,  9) 

Subsequent  examination  permits  to  draw  the  following  conclusions! 

1.  If  the  steady-state  law  of  burning  of  the  kind  U  =  apv  (y<l)  is  fulfilled 
under  non-steady  conditions,  the  rigid  burning  surface  is  acoustically  stable. 

2.  Taking  Into  account  the  appearance  of  entrople  wave  during  the  Interaction 
of  acoustic  wave  with  burning  surface  changes  substantially  tbs  region  of  acoustic 
stability. 

3.  It  is  possibls  to  intensify  a  weak  pressure  wave  during  the  interaction 
with  a  rigid  burning  surface  only  if  the  nonsteady-state  law  of  burning  satisfies 
a  certain  condition  (23)  (ms  btlow) . 
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On  the  plane  front  of  burning,  regarding  which  one  assumes  that  it  coincides 
With  the  surface  of  condensed  phase  (Fig.  1),  are  fulfilled  the  mass,  inpulse  and  energy; 
conservation  laws  which,  in  the  coordinate  system  connected  with  condensed  phase  j 

and  constituting  simultaneously  the  laboratory  system,  are  written  in  the  following 
form 


Pi  U  =  p,(u,  4-  U) 

Pi  -r  ?iU*  =  p,-'~ p, (u2  4.  u)' 


(i) 


Hare  p,  p,w  are  the  pressure,  density  and  enthalpy;  U  is  the  absolute  value 
of  linear  burning  rate;  is  the  rate  of  outflow  of  gases,  products  of  bandog* 

If  the  quantities  p^,  p 2 »  u2  experience  a  weak  disturbance  Spj*  $p  2>  &n2*  e*  K«# 
in  a  weak  pressure  ware  ( 5  Pj  C  Pj)  coming  in  from  the  direction  of  combustion 
products,  then  these  disturbances  on  the  front  of  burning  are  connected  by  relations 
that  are  obtained  through  varying  the  equations  of  system  (1) .  Discarding  the  terms 
which  are  quadratic  in  relation  to  variations,  we  obtain  frcn  (1)  the  system 

’  ‘  i~ 

of  equations  for  variations  | 

1 

1 

t 

p,bu  +  vbpi  -  ps  (6b.  +  bU)+&-  Ufa.  ;  ’’  ■  • 

.  bpi  +  C/26?j  =  bp2  ~  2o  JJbu*  4-  p-  U2bo+  ’  (2) 

+  UbU  —  bw2  +  —  U  ( bu *  4-  6£/)  (2)  *  .  f 


Assuming  that  the  condensed  phase  is  non-ccmpressible,  i#  e#f  =  const, 
and  discarding  small  fibers  on  tha  order  of  U2/^2  (where  e2  is  the  epeed  of  sound), 
which  la  Justified  by  the  fact  that  0/c2  <£  1  is  always  fulfilled,  we  obtain 
Instead  of  (2) 
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(3) 


Pl6U  =  p,  (6u,  -f  bU)  -f  Ubp, 

bpx  s=  'Spjf/Au; 

*  =  (6us  +  6tf)  - 

Disturbances  in  combustion  products  are  composed  of  incident  and  reflected 
pressure  wares  and  entropic  ware 


bp2  —  6 pz  -j-  =  boz~  4“  ~r  i° 

bu*  =  6i/2~  ~t  bu2*  •  biv j.  =  bio 2  biuz*  -p  6uy 


(4) 


Apart  from  that,  variations  of  parameters  on  waves  are  interconnected 
by  equalities: 


incident  pressure  ware 


P2C2 


(5) 


reflected  pressure  ware 


fiU„+  =  **1 

Psc* 


^?2+  =  ~r 

Cj1  ’ 


,  bpi+ 
Pi 


entropic  pressure  ware 


bu2°  =^5;  6/>2°  —  0f  $wo  =  __  2° 

..  *  pa  (Ta  —  1) 


(6) 


(7) 


It  Is  assumed,  here  and  further  on,  that  combustion  products  are  the  ideal  gas. 

We  shall  consider  the  function  U=  U  (pgT^)  as  being  known.  This  will  permit  to  express 
SO  through  S p2  and  Jpg0 


t>(J  =  Abpt  -f  B6p}° 


(8) 


Here 


A  =  (-?!)  +7jl- il 

h 

(*L\ 

.  v3p,;r>+  7, 

Pi 

Ur,  )T 

-i)Ur,i 


P^p,  (7* 


(9) 


from  equations  (3)  thru  (9)  one  can  obtain  the  expression  for  aeoustie  conductivity 
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which  Is  equal  to  normal  component  of  acoustic  Telocity  to  acoustic  pres  mire. 
With  the  shore-indicated  accuracy  relative  to  U/c2,  the  non-dimensional  acoustic 
conductivity  of  ths  rigid  burning  surface  equals 


t>Pl 


p.Cj  =  —  (p,  —  p„)  etA  — 


-  (r.  - 1)  (Pl  -  P!).  JL + -(r,-i)A]j£ 

-  (t.  ■ -  i)  to  -  p,)- 42  _  (r,  _  (P,  _  ft).  _X-  i 


piPac**  cg 


(ID) 


In  (Bibl.  4)  ms  obtained  an  approximate  formula  for  C  ,  containing  only  the  first 
term,  which  corresponds  to  the  case  of  large  A* 

If  the  dependence  of  burning  rate  on  temperature  of  combustion  products  is  weak, 
i.  e«,  liU/iTj!  «  0,  then  formula  (ID)  becomes  considerably  simplified 


C  =  —  (pi — p2) c2-4  +  J*r2 -  (Ta - 1)  -Ei]  2i£  -  (li) 

L  Pi  J 

The  following  law  of  burning  is  valid  for  a  wide  class  of  condensed  systems 

!  u  =  aPi 


(12) 


In  this  case 


au 


6Tt-0,  B-0,  A  =  __  =  r;v  - 


(a) 


Then 


|  pitf 

pi  J 

Ps<Y 

(13) 


The  possibility  of  intensification,  1.  e».  Increasing  ths  amplitude  of  incident 
ware  on  reflection,  is  determined  by  the  sign  of  real  component  of  the  acoustic 
conductivity.  Intensification  takes  place  if  fis£  <  0.  In  ths  given  case,  quantity 
£  is  real  and  £  <  0  corresponds  to  intensification.  This  condition  is  reduced  to 
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\  Ta  —  (Ta  —  1)  Pi  /  Pa , _ _  t  ,  _Pa_ 

^  ^  Tt  (1  —  Pa/pi)  "r  7*  pi 

In  the  first  approximation  on  condition  (14)  coincides  with  the  condition 

of  burning  stability  of  condensed  systems.  Since  the  inequality  v<  1  is  fulfilled 

m 

for  normally  burning  secondary  explosives  and*  consequently, £  ^  0,  one  can 
state  that  the  fulfillment  of  the  steady-state  law  of  burning  under  non- steady 
conditions  would  guarantee  wave  attenuation  on  reflection,  i.  e.,  acoustic  stability. 

Let  us  note  that  the  form  of  disturbances  was  not  concretely  defined  here,  same 
as  in  (Bibl.  U),  and  our  conclusion  is  valid  for  weak  waves  of  any  form,  including 
harmonic  waves.  Of  course,  one  can  assume  that  the  law  of  burning  may  differ 
noticeably  from  the  steady-state  law  for  rapid  pressure  changes,  e.  g.,  for  periodic 
changes  with  a  high  frequency.  The  effect  of  unsteadiness  on  the  process  of  intern- 
action  of  shock  waves  with  flame  in  gas  was  taken  into  account  in  (Bibl.  11,  12). 

The  unsteadiness  of  burning  process  on  interaction  of  weak  harmonic  waves 
with  burning  surface  was  acknowledged  in  theories  of  resonance  burning,  developed 
in  (Bibl.  8,  9)*  In  these  papers,  the  unsteadiness  is  taken  into  account 
by  introducing  into  the  steady-state  law  of  burning  the  combustion-process  delay 
time  relative  to  instantaneous  values  of  thermodynamic  parameters. 

One  of  the  possible  methods  for  introduction  of  delay  time  is  the  method 
used  in  theory  of  non-equilibrium  processes  (Bibl.  13),  according  to  which  the  speed 
of  approximation  of  the  non- equilibrium  burning  rate  to  its  equilibrium  value 
is  proportional  to  the  difference  between  instantaneous  and  equilibrium  values, 

1.  e.,  satisfies  equation 

^.«=±(tf0-LT)  (15) 

whers  T  la  the  relaxation  tlnaj  Uq  is  the  steady- state  rate  of  burning;  0  is 
the  instantaneous  rate  of  burning. 
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This  method  was  employed  in  (Bibl.  8).  Assuming  that  all  the  disturbances  depend 

i  .yL 

on  time  according  to  the  law  •  ,  and  using  aquations  (3)  thru  (9)  and  (15) #  on*  can 

easily  demonstrate  that  the  presence  of  relaxation  time  of  delay  will  be  taken  into 
account  If 

n*  iLiX  *  7+  5 r  ^ 

is  substituted,  instead  of  A  ancf  B,  in  the  expression  for  acoustic  conductivity* 


For  the  sane  assumptions  under  which  formula  (13)  was  obtained  we  shall  have 
now 


£=r~(i-  + r* — (r.  -  d*^i^ 

L  V  pj/  1  -r  lot  1  Pi  J  pic* 


(16) 


In  this  case,  the  condition  of  intensification  will  have  the  for* 


RcC  =  [-(i- 


Pi  \  T 
pi  /  1  -f 


i)PLlsdL<o 

pi  J  p:c2 


(17) 


One  can  see  that  the  presence  of  relaxation  time  of  delay  increases  the  acoustic 
stability  of  the  system* 

Another  method  of  obtaining  nonsteady- state  law  of  burning  by  modifying 
the  well-kncem  steady-state  law  of  burning  through  introduction  r>t  delay  time 
was  formulated  first  for  the  case  of  burning  in  liquid  fuel  rocket  engines 
in  (Bibl*  14)  and  applied  to  burning  of  condensed  systems  in  (Bibl*  9)#  It  is 
assumed  in  this  method  that  the  process  of  burning  progresses  in  two  stages, 

v 

viz.,  gasification  and  combustion  proper,  separated  by  the  tine  interval 
equal  to  the  induction  tias*  ,  so  that 

mb  (/)  =  (l  —  $)  Mi  (t  —  X)  =  „/(<))  ^ 

Here  a^  is  ths  mass  rats  of  gasification;  ^  is  the  aass  rate  of  fornation 
of  ccnbustion  products,  and  induction  tlae  t  is  detsnninsd  froa  equation 
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J  Pm  (O  dt'  —  const  (19) 

i—i  *  " 

where  ■  is  a  certain  constant  on  the  order  of  one. 

If  the  pressure  disturbance  and,  at  the  sane  tine,  disturbances  In  all  tkoeo- 
djnaadc  parameters  and  In  outflow  rate  of  oa^mstion  preduets  depend  on  tlae 
as  e*W*,  then  It  la  possible  to  obtain  fren  equations  (3)  through  (9),  (IB)  and  (19) 
the  expression  for  acoustic  conductivity  In  fen 

£  =  {(Ta  ~  1)  (l  —  ~)  +  1  —  7,  [»« -f  (v  —  m)  c-*«jJ  (20) 

Hence  the  condition  of  Intensification 

m  -f-  (v  —  m).cos (ot>  1  —  ^1 - (21) 

It  can  be  seen  fro®  (21)  that  Intensification  is  possible  with  borrespoadlng 
£o  and  r  ,  ere n  at  v  <  1.  One  can  show  that,  in  this  ease,  a  single  pressure  peak 
attenuates,  although  the  periodic  ware  nay  intensify. 

It  should  be  noted  that  intensification  criteria  (17)  end  (21),  obtained 
on  the  basis  of  nonsteady-state  laws  of  burning,  postulated  in  (Bibl.  8,  9), 
differ  frm  criteria  ensuing  directly  from  expressions  for  acoustic  activity, 
presented  in  these  papers.  These  discrepancies  are  caused  by  the  fact  that  the  anthers 
of  (Bibl.  8,  9)  Ignored  the  appearance  of  entropic  ware  on  interaction  of  a  weak  ware 
with  burning  surface,  whereas  taking  the  latter  into  consideration  leads 
to  a  substantial  change  in  expression  for  acoustic  conductivity  and,  consequently, 
to  a  change  in  the  criterion  of  acoustic  stability. 

The  methods  of  delay  time  introduction,  considered  above,  are.  arbitrary  to  a  oertaln 
degree,  due  to  the  absence  of  experimental  data  confirming  that  or  other 
hypothesis.  At  ths  seme  time,  attempts  at  the  direct  numerical  calculation  of  ma 
of  tha  acoustic  conductivity  of  a  burning  rigid  surfaoe,  based  ou  analysis  of  a  concrete 
model  of  burning  (Bibl.  15),  fail  to  giro  a  dear  mechanism  of  Election 

on  reflection.  Therefore,  further  searches  for  nonstssdywstats  law  of  bundj«  are 
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an  Juctlficd, 


Bated  on  laws  of  amts,  impulse  and  •  oarer  conservation  on  tha  front  of  burning, 
at  well  at  on  the  condition  of  acoustic  stability,  the  general  requirement  at  to  each 
a  law  can  be  fomilated.  Indeed,  in  tha  ease  of  disturbances  depending  on  tine 
as  e*to\  assuming  for  the  sake  of  simplicity  that  the  rate  of  burning  depends 
on  pressure  only,  one  can  connect  instantaneous  values  the  ccabustion  product  outflow 
rate  and  the  pressure  by  foraula 


-'■>!?  <») 

where  Die*  certain  complex  nsdber  determined  by  the  lav  of  burning*  FlaHig 
a  corresponding  expression  by  swans  of  (3)  through  (8)  anl  (22),  w*  establiah 
that  the  following  inequality  Bust  be  satisfied,  if  the  incident  ware  is  intensified 


on  reflection! 

RcZ)>l  —  (i — L')P=  . 

,  ■  (39) 

It  is  pointed  out  in  (Bibl.  16)  that  the  compressibility  of  condensed  phaee 
aist  be  taken  into  account  in  studying  the  properties  of  burning  surface*  Conclusions 
here  obtained  can  be  easily  generalised  on  the  ease  of  ccsqresaible  condensed  phase* 


The  authors  are  grateful  to  A.  D.  Margolin  for  his  critique  in  which  he  demonstrated 
that  condition  (14)  can  be  obtained  also  within  the  framework  of  oonbustlon  theory 
foradatsd  by  l!a.  B.  Zeldorich  and  A.  P.  Belyayev  (Bibl.  10,  17). 
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